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Edited by Stuart FergusonAbstract In the process of cytochrome c maturation, heme
groups are covalently attached to reduced cysteines of speciﬁc
heme-binding motifs (CXXCH) in an apocytochrome c sequence.
In Escherichia coli, the CcmH protein maintains apo-protein
cysteines in a reduced state prior to heme attachment. We have
puriﬁed and biophysically, as well as structurally characterized
the soluble, N-terminal domain of E. coli CcmH that carries
the functionally relevant LRCXXC-motif. In contrast to a re-
cently presented structure of the homologous domain from
Pseudomonas aeruginosa, the E. coli protein forms a tightly
interlinked dimer by swapping its N-terminal helix between
two monomers. We propose that an altered environment of the
functional motif may help to discern between the two redox part-
ners CcmG and apocytochrome c.
 2008 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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c-Type cytochromes are ubiquitous, heme-containing elec-
tron transfer proteins found in a wide variety of prokaryotic
and eukaryotic organisms [1]. A distinctive feature of all c-type
cytochromes is the presence of a heme group covalently linked
to the polypeptide via two (rarely, one) thioether bonds to a
strictly conserved CXnCH signature motif, where in most cases
n = 2. The process of cytochrome c maturation consists of sev-
eral posttranslational events that lead to the covalent attach-
ment of heme to the apo-protein. These include the targeting*Corresponding author. Present address: University of California, Los
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doi:10.1016/j.febslet.2008.07.007of pre-apocytochrome and heme cofactor to the correct subcel-
lular compartment, the processing of the targeting sequence
and the formation of thioether bonds between heme vinyl
groups and cysteines of the heme binding motif of apocyto-
chrome c [2]. In the Gram-negative bacterium Escherichia coli,
eight genes (ccmABCDEFGH; ccm for cytochrome c matura-
tion) have been identiﬁed, which are essential for covalent
heme attachment to c-type cytochromes [3,4]. Their gene prod-
ucts comprise an ABC-transporter (CcmA and CcmB), heme
transfer proteins (CcmC and CcmD), a heme chaperone
(CcmE), a putative heme lyase (CcmF), and the subunits of
a periplasmic thiol reduction pathway (CcmG, CcmH) [2,5].
CcmF together with the CcmH protein is believed to form a
heme lyase complex [6,7], where CcmH, a putative thiol-disul-
ﬁde oxidoreductase, is proposed to reduce intramolecular
disulﬁde bonds in the heme binding motif of the apocyto-
chrome c prior to heme ligation [8]. CcmG is a thioredoxin-like
protein that is thought to obtain electrons from DsbD to re-
duce the cysteines of CcmH and thus generate reduced CcmH
protein required for the maturation process [9,10].
E. coli CcmH is a membrane-bound hybrid of two cyto-
chrome c maturation proteins. Its N-terminal portion is iden-
tical to CcmH (also called CycL and Ccl2 in Bradyrhizobium
japonicum and Rhodobacter capsulatus, respectively), while
the C-terminal part bears resemblance to CycH (CcmI accord-
ing to the Ccm nomenclature) of B. japonicum (Fig. 1A). The
mutational inactivation of CcmH/CycH/Ccl2 resulted in the
absence of cytochrome c maturation [3,8] or reduced levels
of c-type cytochromes [11,12]. Interestingly, the C-terminal
hydrophilic region (corresponding to CcmI/CycH) was shown
not to inﬂuence cytochrome c maturation in E. coli [4,8]. The
CcmH protein of E. coli and its homologue Ccl2 in R.
capsulatus possess an N-terminal, cleavable signal sequence
[8,13], whose processing in E. coli results in a protein with
two periplasmic domains that remain anchored to the mem-
brane bilayer via two transmembrane helices. The ﬁrst peri-
plasmic domain directly adjacent to the N-terminal cleavable
signal sequence contains a strictly conserved LRCXXC motif
known to be involved in the reduction of the cysteines of the
CXXCH motif within apocytochromes c. Site-directed muta-
genesis of the cysteines of CcmH in E. coli and R. capsulatus
resulted in the absence of detectable amounts of cytochromes
c[13,14]. The normal phenotype in E. coli could how ever beblished by Elsevier B.V. All rights reserved.
Fig. 1. Complementation of DccmH strain with wild-type and mutant versions of CcmH. (A) Proposed topological domains of E. coli CcmH and
constructs used in this study. Full-length and truncated mutants of H6-tagged CcmH were generated as represented schematically. The positions of
cysteines in the N-terminal domain are labeled. The black boxes represent transmembrane regions. The number of amino acid residues per domain is
indicated at the bottom of the ﬁgure. (B) The DccmH strain EC269 expressing B. japonicum cytochrome c550 (from pRJ3268 in lane 1 and pEC701 in
lanes 2–4) and wild-type CcmH-H6 (lane 1), vector (lane 2), CcmH
1–198-strep (lane 3) or OmpA–CcmH19–99-H6 (lane 4). (C) The strain EC269
expressing B. japonicum cytochrome c550 and empty vector (lane 1), wild-type CcmH-H6 (lane 2), CcmHL41A-H6 (lane 3) or CcmHR41A-H6 (lane 4).
Periplasmic proteins after TCA precipitation (100 lg/lane) were separated by 15% SDS–PAGE and stained for covalently bound heme. The
percentage of the holo-cytochrome c formed relative to the wild type as determined by diﬀerence spectra is indicated at the bottom. The position of
endogenously expressed NapB c-type cytochrome and the heterologous cytochrome c550 is indicated on the right.
2780 U. Ahuja et al. / FEBS Letters 582 (2008) 2779–2786restored upon the addition of reducing compounds to the
growth medium [14].
Recently, the Arabidopsis thaliana AtCCMH protein was
shown to interact with apocytochrome c in a yeast two hybrid
approach [15]. Also, an interaction of an N-terminal domain
of CcmH from Pseudomonas aeruginosa with an apocyto-
chrome c-mimicking peptide was shown by FRET analysis
[15]. By contrast, the corresponding E. coli N-terminal soluble
domain of CcmH was not found to complement apocyto-
chrome maturation in a DccmH background in vivo. In the
present study we have recombinantly expressed, puriﬁed and
characterized the N-terminal domain of E. coli CcmH, and
determined its crystal structure to high resolution (1.65 A˚).
While highly similar in primary sequence as well as in the pres-
ence of three a-helical segments, the crystal structures of the
two CcmH domains diﬀer drastically, as the one of E. coli
forms a tight dimer, stabilized through the swapping of the
ﬁrst a-helix between the monomers. We present a comparison
of the functional and structural data of both proteins and dis-
cuss the possible functional relevance of these ﬁndings.2. Materials and methods
2.1. Bacterial strains and growth conditions
Strains and plasmids used in this study are listed in Supplementary
Table 1. Bacteria were grown aerobically in LB medium or anaerobi-cally in minimal salts medium [16] supplemented with 0.4% glycerol,
40 mM fumarate and 5 mM sodium nitrate as the terminal electron
acceptor. Anaerobic incubation of bacteria on minimal salt plates
was essentially done as described before [17]. Antibiotics were added
to the following ﬁnal concentrations: ampicillin, 200 lg/ml; chloram-
phenicol, 25 lg/ml. If necessary, cells were induced with 0.1% arabi-
nose at mid-exponential growth phase.
2.2. Construction of a ccmH in-frame deletion mutant
In order to construct an in-frame deletion in the ccmH gene, we used
the allelic exchange method previously described by Hamilton et al.
[18]. The deletion-harboring plasmid pEC269 was transformed into
E. coli MC1061 [19], which was then grown at the permissive temper-
ature (30 C). Integrants were selected at the restrictive temperature
(44 C) on the basis of their chloramphenicol resistance and were sub-
sequently grown repeatedly at the permissive temperature (30 C) to
facilitate a second homologous recombination event, which would re-
sult in excision of the vector sequences and loss of chloramphenicol
resistance. The chloramphenicol-sensitive colonies were checked by
PCR with primers ccmHn and ccmHc (SupplementaryTable 2) to con-
ﬁrm the presence of the deletion.2.3. P1 phage transduction
The DdmsABC::kan marker of strain DSS301 (kindly provided by
Dr. J. Weiner) [20] was transduced into the DccmH mutant EC269
by P1 transduction [21], resulting in EC269Ddms.
2.4. Construction of plasmids and site-directed mutagenesis
E. coli strain DH5a [22] was used as host for diﬀerent cloning exper-
iments. For an in-frame deletion in the ccmH gene, plasmid pEC268
was constructed by ligating a 2.3-kb HpaI- and SalI-digested fragment
Table 2
Reﬁnement statistics
Resolution range (A˚) 50–1.65
Number of reﬂections 11249
Number of protein atoms (aa 18–94) 630
Number of water molecules 42
Rcryst 0.249
Rfree 0.273
Mean B value (A˚2) 48.3
R.M.S.D. in bond distances (A˚) 0.011
R.M.S.D. in bond angles () 1.611
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fragment. This led to a deletion of 81 codons (L17–L97) in ccmH.
Next, the truncated ccmH gene was subcloned into vector pMAK705
that contains a temperature-sensitive origin of replication. A 4.1-kb
KpnI- and SalI-digested fragment from pEC268 was cloned into KpnI-
and SalI-digested pMAK705, yielding pEC269. The expression plas-
mid pEC845 which codes for a C-terminally hexahistidine-tagged
CcmH19–99 fused to the leader sequence of OmpA was obtained by
amplifying the ccmH gene from pEC86 with primers ccmHStuI and
ccmHHisSol. A non-his-tagged version of CcmH19–99 was also con-
structed in a similar manner as pEC845, but with a PCR product ob-
tained with primers ccmHStuI and ccmHXba2, resulting in pEC844.
The PCR products were digested with StuI and XbaI and ligated into
the StuI- and XbaI-digested 5.4-kb pEC415. The gene fusion with StuI
in plasmid pEC844 and pEC845 resulted in the addition of a codon for
the amino acid leucine at the beginning of ccmH gene fragment. The
plasmid pEC847, expressing CcmH1–195 with a C-terminal strep-tag
(-SAWSHPQFEK) was constructed by amplifying the ccmH gene
from pEC86 with primers ccmHnNdeI and ccmH2strep. This 620-bp
fragment was digested with NdeI and XbaI and ligated into the NdeI-
and XbaI-digested 5.4-kb pISC-2. The plasmids pEC849 and pEC850
expressing CcmHL41A and CcmHR42A, respectively, were constructed
using the QuikChange site-directed mutagenesis kit (Stratagene, La
Jolla, USA), with pEC711 as a template and the primers listed in Sup-
plementary Table 2. For membrane expression of CcmH19–195-His6
(residues T19–K195) with a C-terminal His6-tag, the corresponding
546 bp gene fragment was ampliﬁed by PCR from the plasmid
pEC847 (Supplementary Table 1) with primers CcmHNheI and
CcmHHisBamHI (Supplementary Table 2) and cloned into pDsbA3
vector via NheI and BamHI [23]. The resulting plasmid was termed
pCcmH19–195.
All plasmid constructs and mutants derived from PCR products
were conﬁrmed by DNA sequence analysis (Microsynth, Balgach,
Switzerland).
2.5. Cell fractionation
For the preparation of subcellular fractions bacterial cultures were
grown anaerobically in the presence of nitrate or aerobically in LB
medium. Periplasmic proteins obtained from 1200 ml anaerobically
grown or 3–5 l aerobically grown cultures were treated with polymyxin
B sulfate as described previously [24].
2.6. Protein detection and quantiﬁcation
Protein concentration of CcmH19–99-H6 (nomenclature: superscript
numbers indicate the amino acids relative to the entire sequence used
for the construct, H6 indicates a C-terminal hexa-histidine tag),
CcmH19–195-H6, CcmG
19–185, cDsbD and nDsbD was determined by
absorbance using the following extinction coeﬃcients at 280 nm:
43100, 5240, 29990, 8300, and 20100 M1 cm1. Holo-cytochromec550
formation was analyzed qualitatively by heme staining [25]. Soluble
cytochrome c (c550) in the periplasmic fractions was quantiﬁed by
absorption diﬀerence spectroscopy using a e550–536nm of 23.2 mM
1
cm1 [26]. Immunoblot analysis of H6-tagged proteins was performed
using monoclonal tetra-His antibodies (Qiagen, Hilden, Germany) atTable 1
Data collection and phasing statistics
Data set Native Io
Wavelength (A˚) 0.8414 1
Space group I4122 I4
Unit cell dimensions a = b = 85.24 A˚, c = 58.23 A˚ a
Number of sites – 5
Resolution limits (A˚) 1.65 2
Average occupancy – 0
Completeness (%) 97.8 (73.1) 9
Multiplicity 14.2 (10.1) 2
I/r(I) 16.1 (3.5) 3
Rsym 0.086 (0.445) 0
Phasing power (iso) – 1
Phasing power (ano) – 1
Rcullis (iso) – 0
Rcullis (ano) – 0a dilution of 1:2000. Signals were detected using goat anti-mouse IgG
(for H6-tag detection) conjugated to alkaline phosphatase (Bio-Rad,
Hercules, USA) as secondary antibody and disodium 3-(4-metho xyspi-
ro-{1,2-dioxetane-3,2-(5-chloro)tricyclo [3.3.1.13,7]decan}-4-yl)phenyl
phosphate (CSPD) (Roche Diagnostics, Rotkreuz, Switzerland)
reagent as chemiluminescent substrate.
2.7. Protein crystallization
Well-diﬀracting single crystals of CcmH19–99-H6 were obtained using
protein at a concentration of 34 mg/ml in sitting drop vapor diﬀusion
experiments. One microlitre of protein solution was added to 1 ll of a
reservoir solution containing 3 % (v/v) of dioxane, 1.6 M of ammo-
nium sulfate, 20 % (v/v) of glycerol and 0.1 M morpholinoethane sul-
fonic acid/NaOH buﬀer at pH 6.5. The drop was equilibrated against
500 ll of the same reservoir solution, and large (400 · 600 · 600 lm3)
single crystals were obtained within 2–3 days. The crystals diﬀracted
to resolutions below 2 A˚ on a MicroMax 007 rotating anode X-ray
generator (Rigaku MSC, Sevenoaks, UK), equipped with a mar345dtb
image plate system (mar Research, Hamburg, Germany), using Cu Ka
radiation at k = 1.5418 A˚. A high resolution data set was collected on
beam line BW7B at EMBL/DESY, Hamburg, Germany, at a wave-
length of k = 0.8414 A˚. All data collections were carried out with
ﬂash-cooled crystals at 100 K.
2.8. Structure determination by MIRAS
In order to obtain phase information for CcmH19–99-H6, a quick-
soaking experiment with reservoir buﬀer amended with 0.5 M of NaI
was carried out and diﬀraction data were collected to high multiplicity
(Table 1). Additionally, a crystal was pressurized with 15 bar of Xe for
15 min in an Oxford XCell pressurization device (Oxford Cryosystems,
Oxford, UK) before ﬂash-cooling in liquid N2. For both derivatives,
SHELXD [27] was used to locate heavy metal sites and SHELXE
was subsequently applied for phase calculation and density modiﬁca-
tion for each derivative alone [28]. One Xe and ﬁve I sites were found.
In both cases, the electron density maps showed clear solvent bound-
aries, but were not of suﬃcient quality for unambiguous chain tracing.
The maps were used to bring both sets of sites to a common origin.
Subsequently, SHARP [29] was used for MIRAS phasing, yielding
excellent maps that could be straightforwardly interpreted (Table 1).dide Xenon
.5418 1.5418
122 I4122




9.9 (100.0) 99.8 (100.0)
7.6 (26.7) 13.7 (13.4)
6.6 (7.5) 26.4 (5.1)





2782 U. Ahuja et al. / FEBS Letters 582 (2008) 2779–2786The model of CcmH was built using ARP/wARP [30] and rebuilt man-
ually in O [31] and COOT [32]. Reﬁnement was carried out with CNS
[33] (Table 2).
2.9. Additional methods
A range of methods including protein puriﬁcation, Far-UV CD spec-
troscopy, disulﬁde exchange analysis, RP-HPLC measurements and
ﬂuorescence spectroscopy are described in Supplementary Materials.3. Results
3.1. Complementation of DccmH strain and functional analysis
of the periplasmic cysteine-containing domain of CcmH
CcmH has three distinct domains: an N-terminal domain
(comprising of the periplasmic cysteine-containing domain),
a hydrophobic, transmembrane domain (with two transmem-
brane helices) and a C-terminal, hydrophilic region oriented
to the periplasm (corresponding to CcmI) (Fig. 1A). To test
whether membrane anchoring of the cysteine-containing do-
main was necessary for CcmH function, a CcmH derivative
lacking the entire C-terminal periplasmic domain with a C-ter-
minal strep-tag was constructed (CcmH1–195-strep). In addi-
tion, an anchor-less cysteine-containing domain with and
without a C-terminal H6-tag for detection and puriﬁcation
was obtained by fusing an OmpA leader sequence to the peri-
plasmic domain (CcmH19–99 or CcmH19–99-H6). A ccmH in-
frame deletion mutant EC269 (DL17–L97) was constructed
as the host strain in a complementation experiment, and cyto-
chrome c maturation was monitored by overexpressing the
exogenous cytochrome c550 from B. japonicum. The DccmH
mutant was unable to form c-type cytochromes. The strain
was co-transformed with a plasmid expressing a H6-tagged
B. japonicum cytochrome c550 or the vector alone, plus a plas-
mid encoding either wild-type or mutant CcmH protein (Fig.
1). Cytochrome c formation was assayed qualitatively by heme
staining of periplasmic fractions (Fig. 1B). The wild-type
CcmH (lane 1) fully complemented the DccmH phenotype
observed in lane 2. The C-terminally truncated variant,
CcmH1–195-strep (corresponding to a truncation of the entire
CcmI part) could also restore the DccmH phenotype (lane 3),
in agreement with previous observations [8]. When the mem-
brane anchor of the cysteine-containing domain was truncated
such that a soluble, periplasmic protein resulted, complemen-
tation could not be observed (lane 4), suggesting that
membrane anchoring of the cysteine-containing domain is
essential for CcmH function. An untagged version of this sol-
uble cysteine-containing domain was also unable to comple-
ment the DccmH phenotype. In a similar setup we tested the
role of two highly conserved residues, L41 and R42, adjacent
to the essential cysteines. R42 is strictly conserved while L41
is 90% conserved among bacterial homologues. It has been
speculated that their high degree of conservation as well as
their close proximity to the CXXC motif is related to the func-
tion of CcmH. Cytochrome c formation was assayed qualita-
tively in DccmH mutant expressing the CcmH mutants L41A
and R42A (Fig. 1C). The weak complementation was quanti-
ﬁed by recording diﬀerence spectra of c-type cytochromes in
the periplasmic extracts. The level of holo-cytochromes c pro-
duced by the ccmH mutant complemented with C-terminally
H6-tagged CcmH was set to 100%. The R42A mutant did
not complement for cytochrome cmaturation (lane 4), suggest-
ing that this residue is essential for CcmH function. The L41Amutant showed about 10% of wild-type CcmH activity (lane
3). In a parallel approach, we tested these two mutants in an
anaerobic screen that was initially developed for and success-
fully tested on ccmC mutants deﬁcient in cytochrome c matu-
ration [17]. The complementation of the EC269Ddms strain
with a plasmid encoding either the L41A or the R42A mutant
of CcmH resulted in small white colonies, indicating their
importance in CcmH function (for details see Supplementary
Material).3.2. Biochemical characterization of the periplasmic cysteine-
containing domain of CcmH
We expressed and puriﬁed the periplasmic cysteine-contain-
ing domain of CcmH (residues T19–P99) with a C-terminal
H6-tag. At the N-terminus, an additional residue, L18, was
introduced due to the cloning. Its presence was conﬁrmed by
Edman sequencing and is visible in the crystal structure; we will
retain the name CcmH19–99-H6 for this construct for clarity.
Disulﬁde exchange between CcmH and its putative reductant
DsbD as well as its putative oxidant DsbA were carried out
with puriﬁed proteins as described in Supplementary Materials.
Redox dependent conformational changes were investigated by
Far-UV CD spectra and the stability of the proteins were con-
ﬁrmed by unfolding and refolding assay, also described in detail
in the Supplementary Materials. None of these studies revealed
a clear pathway of electron transfer or indicated redox depen-
dent conformational changes that could explain the swapped
helix seen in the crystal structure (see below).3.3. Crystal structure of CcmH19–99-H6
CcmH19–99-H6 crystals revealed the space group I4122 with
one monomer per asymmetric unit. The peptide chain folds
into three alpha-helical segments and a disulﬁde bridge is ob-
served between C43 and C46 in the thioredoxin-like signature
motif. Residues T19–P94 of CcmH are deﬁned in the structure
as well as the additional residue L18 at the N-terminus that
was introduced in the cloning of CcmH into the expression
vector. On both termini the chain ends in elongated loop re-
gions without discernible secondary structure, indicating that
the truncation in these positions did not lead to a distortion
of the remaining structure. Unexpectedly, however, the protein
was found to form a tight dimer through a crystallographic
two-fold axis, with both chains closely intertwined through a
swap of helix I. The resulting structure consists of two globular
domains connected by the loop regions 41–53 from each
monomer (Fig. 2). At the obtained resolution of 1.65 A˚ the
interpretation of electron density in the hinge region is unam-
biguous and the observed dimer is clearly the only species
building up the crystal. Within the connecting loop region,
the thioredoxin-like CPKC-motif forms a short helical turn
due to the closed disulﬁde bridge. The side chain of F90 from
the neighbouring monomers eﬃciently blocks solvent access to
the disulﬁde bridge, likely being the structural basis for the ob-
served, slow disulﬁde exchange kinetics.
As the loop region has an extended structure, the conserved
residues L41 and R42 are not in close proximity to the CPKC-
motif. L41 forms part of the hydrophobic core of the domain,
while R42 is involved in hydrogen-bonding interaction with
the side chain of D94 and the backbone carbonyl of E39. A
surface representation emphasizes that the bulky side chain
of R42 is tightly clamped between loop regions of the other
Fig. 2. Crystal structure of the N-terminal domain of CcmH. (A)
CcmH19–99-H6 folds into a compact, globular domain consisting of
three a-helical segments. In the crystal however, two monomers form a
tight dimer by swapping of helix I. The CXXC motif (ball-and-stick
representation) is situated in the hinge region between helices I and II.
(B) Top view of the dimer, rotated 90 in respect to (A). In spite of the
helix swapping, the compact, globular fold of the protein is fully
retained.
U. Ahuja et al. / FEBS Letters 582 (2008) 2779–2786 2783monomer, indicating a crucial role in stabilization of the
swapped dimer (Fig. 3).
3.4. Comparison to the N-terminal domain of P. aeruginosa
CcmH
The helical swapping ofE. coli CcmH19–99-H6 presented here
was not observed in the most recently published structural
analysis of a very similar construct from P. aeruginosa (resi-
dues 21–100) [15], which, however, forms a compact domainFig. 3. Helix swapping in the CcmH dimer. Stereo representation of the cross
corresponds to the top view in Fig. 3B (rotated 90 CCW). The side chain
opposing disulﬁde from the solvent.consisting of three helical segments that align very well with
one half of the helix-swapped dimer of the E. coli protein.
The CXXC motif is located in the loop connecting helix I
and II in both cases and it shows a similar, right-handed hook
conformation as found in thioredoxin-like proteins, in E. coli
with a vS–S dihedral angle of 77.9, an Sc  Sc distance of
2.06 A˚ and a Ca  Ca distance for C43 and C46 of 5.37 A˚
[34]. Structurally, this loop region changes from a 180 turn
into an extended conformation upon the swapping of helix I
between two monomers of the N-terminal domain. As a conse-
quence, the CXXC motif undergoes a relatively small rear-
rangement that nevertheless strongly reduces its degree of
surface exposure: It was noted in the P. aeruginosa structure
that, in contrast to thioredoxin-like proteins, the C-terminal
rather than the N-terminal cysteine residue was suﬃciently ex-
posed to act as a nucleophile in attacking the apocytochrome
substrate. In the dimeric E. coli structure, this residue also be-
comes buried within the protein, partly ﬁtting into a cavity that
was found in P. aeruginosa CcmH [15], and eﬀectively shielded
from the solvent by the side chain of F90 (Figs. 4 and 5B).
Thus, dimerization of the CcmH domain has a notable inﬂu-
ence on the proteins function as a periplasmic redox mediator
interacting with apocytochromes c.
Sequence comparisons of CcmH proteins available in data
bases revealed that besides the two functional cysteine residues
10 other amino acids are fully conserved [15]. Among these,
three are directly ﬂanking the CXXC motif, which therefore
is actually a LRCXXCQ motif. In the E. coli structure, L41
forms part of the hydrophobic core of the domain and R42
has been discussed above. Q47, however, seems to be of partic-
ular interest: while in P. aeruginosa the corresponding residue
(Q29) points outward from the protein into the solvent, the
dimerization observed in the E. coli structure causes it to ﬂip
back into the protein (Figs. 4 and 5A). It then forms a short
(2.5 A˚) hydrogen bond with the Oc atom of another fully con-
served residue, S54 (S36 in P. aeruginosa), which in turn is held
in place by yet another invariable residue, R63 (R45 in P.
aeruginosa) (Fig. 4). These residues thus show an intricate pat-
tern of interactions that could not be understood from the
structure of the monomeric domain alone, but that seems to
attain a strong, functional relevance upon formation of the he-
lix-swapped dimer.ing point in the helix-swapped dimer of E. coli CcmH. The orientation
of R42 is tightly clamped by the other monomer, and F90 shields the
Fig. 4. Comparison with the N-terminal domain of P. aeruginosa CcmH. Stereo representation of a superimposition of the N-terminal domains of
CcmH from P. aeruginosa (green) and E. coli (blue and white). Helix swapping in the E. coli structure leads to a decreased surface exposure of the
disulﬁde. A hydrogen-bonding interaction connects the conserved residues Q47 and S54, ﬁxing the swapped dimer. The corresponding residues in
P. aeruginosa are distant.
Fig. 5. Change of accessibility of the disulﬁde upon helix swapping. (A) Surface representation of P. aeruginosa CcmH. A cysteine of the disulﬁde,
C28, is accessible to solvent and possible redox partners, the conserved Q29 and F72 are pointing outward. A cavity below the disulﬁde has been
noted previously. (B) In the E. coli structure, helix swapping rearranges crucial residues. F90 covers the disulﬁde that in turn moves downwards,
ﬁlling the cavity observed in (A). Q47 forms a hydrogen bond to S54 from the other monomer.
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We have solved the structure of the N-terminal, soluble do-
main of E. coli CcmH, which reveals a three-helix bundle sim-
ilar to that recently reported for P. aeruginosa CcmH [15], but
which forms a helix-swapped dimer. Yeast two-hybrid assays
showed an interaction between the intermembrane space do-
main of A. thaliana AtCCMH and apocytochrome c [15],
and most recently an analogous interaction with an apocyto-
chrome mimicking peptide was shown forP. aeruginosa CcmH
[15]. By contrast, attempts to obtain mixed disulﬁdes between
E. coli full-length CcmH with either wild-type or single cys-
teineﬁ serine mutant sequences [17] and either apocyto-chrome c (the protein to be reduced by CcmH) or CcmG
(the protein to be oxidized by CcmH) have not been successful
(R. Fabianek, L. Tho¨ny-Meyer, unpublished). In this work, we
tested a direct interaction between puriﬁed E. coli CcmH19–99
and CcmG or DsbA, but again could not observe signiﬁcant
redox activity between individual partners. One reason may
be that our construct of the N-terminal CcmH domain is cat-
alytically inactive. The helix-swapped dimer in the crystals of
E. coli CcmH may explain this ﬁnding, as the functionally rel-
evant disulﬁde bridge of the LRCPKCQ sequence motif of the
protein becomes buried upon dimer formation. In this state,
the protein is likely to lose the ability to interact with reaction
partners such as CcmF, CcmG or apocytochromes c. The crit-
U. Ahuja et al. / FEBS Letters 582 (2008) 2779–2786 2785ical question is therefore, whether the observed dimerization is
an artifact introduced during the crystallization process, or
whether it indeed reﬂects a mode of regulation of CcmH activ-
ity in vivo.
In the crystals of E. coli CcmH19–99, intermolecular packing
interactions and the high local protein concentration of the
crystal lattice could be envisaged to lead to destabilization of
the N-terminal domain and cause the swapping of helix I.
The truncation of the membrane-integral and C-terminal por-
tions of CcmH themselves could be a further factor decreasing
coherence and stability of the remaining fragment. Moreover,
crystallization conditions for both constructs diﬀer drastically,
with ammonium sulfate as a main precipitant for E. coli and
polyethylene glycol for P. aeruginosa and pH values of 6.5
and 8.5, respectively.
However, while distortion of protein structures due to crys-
tal packing interaction is not unheard of, such interactions are
generally weak and are not seen as the cause of eﬀects as dras-
tic as the observed helix swapping. The fragment CcmH19–99
itself is highly similar to the one constructed from
P. aeruginosa CcmH (residues 21–100) [15], and the swapped
helix represents the N-terminus of the mature CcmH protein
in both organisms. We note the striking diﬀerence in the envi-
ronment of the internal disulﬁde bridge in the monomeric
structure of P. aeruginosa CcmH compared to the helix-
swapped dimer presented here. In the latter, both cysteine res-
idues become buried within the protein and are thus very likely
unable to fulﬁll any functional role. In accordance with the
ﬁnding that interaction with CcmG could not be observed
for the N-terminal domain of E. coli CcmH, a functional com-
plementation with this soluble CcmH domain was also not
possible. The strongest point in favor of a functional relevance
for the helix exchange in CcmH observed here is made by the
amino acid residues involved at crucial positions: the mono-
meric structure of the domain failed to convincingly explain
the signiﬁcance of highly conserved residues such as R42,
Q47, S54 or F90 (E. coli numbering; Fig. 5B). All of these res-
idues are involved in and presumably important for the forma-
tion and stabilization of the dimer. Further studies are needed
to investigate whether mutations in these conserved positions
have an eﬀect on the multimeric state of the domain.
Acknowledgements: We thank D. Margadant for technical assistance.
This work was supported by the Swiss Federal Institute of Technology
(ETH), Zu¨rich, the Swiss National Foundation for Scientiﬁc Research
and the Deutsche Forschungsgemeinschaft (Grant Ei-520/2). Diﬀrac-
tion data were collected on the BW7B beam line at the DORIS storage
ring at EMBL/DESY, Hamburg, Germany.Appendix A. Supplementary material
Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.febs-
let.2008.07.007.References
[1] Scott, R.A. and Mauk, A.G. (1996) Cytochrome c: A Multidis-
ciplanary Approach, University Science Books, Sausalito, CA.
[2] Tho¨ny-Meyer, L. (2002) Cytochrome c maturation: a complex
pathway for a simple task? Biochem. Soc. Trans. 30, 633–638.[3] Tho¨ny-Meyer, L., Fischer, F., Kunzler, P., Ritz, D. and
Hennecke, H. (1995) Escherichia coli genes required for cyto-
chrome c maturation. J. Bacteriol. 177, 4321–4326.
[4] Grove, J., Tanapongpipat, S., Thomas, G., Griﬃths, L., Crooke,
H. and Cole, J. (1996) Escherichia coli K-12 genes essential for the
synthesis of c-type cytochromes and a third nitrate reductase
located in the periplasm. Mol. Microbiol. 19, 467–481.
[5] Stevens, J.M., Uchida, T., Daltrop, O. and Ferguson, S.J. (2005)
Covalent cofactor attachment to proteins: cytochrome c biogen-
esis. Biochem. Soc. Trans. 33, 792–795.
[6] Meyer, E.H., Giege, P., Gelhaye, E., Rayapuram, N., Ahuja, U.,
Tho¨ny-Meyer, L., Grienenberger, J.M. and Bonnard, G. (2005)
AtCCMH, an essential component of the c-type cytochrome
maturation pathway in Arabidopsis mitochondria, interacts with
apocytochrome c. Proc. Natl. Acad. Sci. USA 102, 16113–16118.
[7] Ren, Q., Ahuja, U. and Tho¨ny-Meyer, L. (2002) A bacterial
cytochrome c heme lyase. CcmF forms a complex with the heme
chaperone CcmE and CcmH but not with apocytochrome c. J.
Biol. Chem. 277, 7657–7663.
[8] Fabianek, R.A., Hofer, T. and Tho¨ny-Meyer, L. (1999) Charac-
terization of the Escherichia coli CcmH protein reveals new
insights into the redox pathway required for cytochrome c
maturation. Arch. Microbiol. 171, 92–100.
[9] Fabianek, R.A., Hennecke, H. and Tho¨ny-Meyer, L. (1998) The
active-site cysteines of the periplasmic thioredoxin-like protein
CcmG of Escherichia coli are important but not essential for
cytochrome c maturation in vivo. J. Bacteriol. 180, 1947–1950.
[10] Stirnimann, C.U., Rozhkova, A., Grauschopf, U., Gru¨tter, M.G.,
Glockshuber, R. and Capitani, G. (2005) Structural basis and
kinetics of DsbD-dependent cytochrome c maturation. Structure
13, 985–993.
[11] Rios-Velazquez, C., Coller, R. and Donohue, T.J. (2003) Features
of Rhodobacter sphaeroides CcmFH. J. Bacteriol. 185, 422–431.
[12] Ritz, D., Tho¨ny-Meyer, L. and Hennecke, H. (1995) The
cycHJKL gene cluster plays an essential role in the biogenesis of
c-type cytochromes in Bradyrhizobium japonicum. Mol. Gen.
Genet. 247, 27–38.
[13] Monika, E.M., Goldman, B.S., Beckman, D.L. and Kranz, R.G.
(1997) A thioreduction pathway tethered to the membrane for
periplasmic cytochromes c biogenesis; in vitro and in vivo studies.
J. Mol. Biol. 271, 679–692.
[14] Fabianek, R.A. (1999) New insights into the redox pathway of
bacterial cytochrome c maturation: CycY/CcmG and CcmH.
Ph.D. Thesis, Eidgeno¨ssische Technische Hochschule, Zu¨rich,
Switzerland.
[15] Di Matteo, A., Gianni, S., Schinina`, M.E., Giorgi, A., Altieri, F.,
Calosci, N., Brunori, M. and Travaglini-Allocatelli, C. (2007) A
strategic protein in cytochrome c maturation: three-dimensional
structure of CcmH and binding to apocytochrome c. J. Biol.
Chem. 282, 27012–27019.
[16] Iobbi-Nivol, C., Crooke, H., Griﬃths, L., Grove, J., Hussain, H.,
Pommier, J., Mejean, V. and Cole, J.A. (1994) A reassessment of
the range of c-type cytochromes synthesized by Escherichia coli
K-12. FEMS Microbiol. Lett. 119, 89–94.
[17] Ahuja, U. and Tho¨ny-Meyer, L. (2003) Dynamic features of a
heme delivery system for cytochrome c maturation.J. Biol. Chem.
278, 52061–52070.
[18] Hamilton, C.M., Aldea, M., Washburn, B.K., Babitzke, P. and
Kushner, S.R. (1989) New method for generating deletions and
gene replacements in Escherichia coli. J. Bacteriol. 171, 4617–
4622.
[19] Meissner, P.S., Sisk, W.P. and Berman, M.L. (1987) Bacterio-
phage lambda cloning system for the construction of directional
cDNA libraries. Proc. Natl. Acad. Sci. USA 84, 4171–4175.
[20] Sambasivarao, D. and Weiner, J.H. (1991) Dimethyl sulfoxide
reductase of Escherichia coli: an investigation of function and
assembly by use of in vivo complementation. J. Bacteriol. 173,
5935–5943.
[21] Miller, J.H. (1992) A Short Course in Bacterial Genetics, Cold
Spring Harbour Laboratory Press, Cold Spring Harbour, NY.
[22] Hanahan, D. (1983) Studies on transformation of Escherichia coli
with plasmids. J. Mol. Biol. 166, 557–580.
[23] Schulz, H., Fabianek, R.A., Pellicioli, E.C., Hennecke, H. and
Tho¨ny-Meyer, L. (1999) Heme transfer to the heme chaperone
CcmE during cytochrome c maturation requires the CcmC
2786 U. Ahuja et al. / FEBS Letters 582 (2008) 2779–2786protein, which may function independently of the ABC-
transporter CcmAB. Proc. Natl. Acad. Sci. USA 96, 6462–
6467.
[24] Ren, Q. and Tho¨ny-Meyer, L. (2001) Physical interaction of
CcmC with heme and the heme chaperone CcmE during
cytochrome c maturation. J. Biol. Chem. 276, 32591–35296.
[25] Schulz, H., Pellicioli, E.C. and Tho¨ny-Meyer, L. (2000) New
insights into the role of CcmC, CcmD and CcmE in the haem
delivery pathway during cytochrome c maturation by a complete
mutational analysis of the conserved tryptophan-rich motif of
CcmC. Mol. Microbiol. 37, 1379–1388.
[26] Tho¨ny-Meyer, L., Ku¨nzler, P. and Hennecke, H. (1996) Require-
ments for maturation of Bradyrhizobium japonicum cytochrome
c550 in Escherichia coli. Eur. J. Biochem. 235, 754–761.
[27] Schneider, T.R. and Sheldrick, G.M. (2002) Substructure solution
with SHELXD. Acta Crystallogr. Sect. D: Biol. Crystallogr. 58,
1772–1779.
[28] Herbst-Irmer, R. and Sheldrick, G.M. (2002) Reﬁnement of
obverse/reverse twins. Acta Crystallogr. Sect. B: Struct. Sci. 58,
477–481.[29] La Fortelle, E.D., Irwin, J.J. and Bricogne, G. (1997) SHARP: a
maximum-likelihood heavy-atom parameter reﬁnement and phas-
ing program for the MIR and MAD methods. Crystallogr.
Comput. 7, 1–9.
[30] Morris, R.J., Perrakis, A. and Lamzin, V.S. (2003) ARP/wARP
and automatic interpretation of protein electron density maps.
Method Enzymol. 374, 229–244.
[31] Jones, T.A., Zou, J.-Y., Cowan, S.W. and Kjelgaard, M. (1991)
Improved methods for building proteins in electron density maps
and location of errors in these models. Acta Crystallogr. Sect. A
47, 110–119.
[32] Emsley, P. and Cowtan, K. (2004) Coot: model-building tools for
molecular graphics. Acta Crystallogr. Sect. D: Biol. Crystallogr.
60, 2126–2132.
[33] Bru¨nger, A.T. et al. (1998) Crystallography and NMR system: a
new software suite for macromolecular structure determination.
Acta Crystallogr. Sect. D 54, 905–921.
[34] Sevier, C.S. and Kaiser, C.A. (2002) Formation and transfer of
disulphide bonds in living cells. Nat. Rev. Mol. Cell Biol. 3, 836–
847.
